We investigated the variation patterns of organic carbon in soil and soil solution of four selected Robinia pseudoacacia forests aged 10a, 25a, 31a, and 35a, as well as a contrastive tillage site in a similar topography condition in Loess Plateau, China. The purpose was to explore the dynamics of soil organic carbon (SOC) and dissolved organic carbon (DOC) in R. pseudoacacia forests. On average depths of 20, 40, and 60 cm, SOC, active organic carbon (AOC), and DOC gradually increase with increased forest age. After forest restoration, the AOC/SOC ratio and resistant organic carbon/SOC ratio increase, whereas the slow organic carbon/SOC ratio decreases. The soil solutions in the subsoil layer have low DOC:DON ratio and high UV absorption at 280 nm. At 40 and 60 cm, the depth distribution is indicated as special low values for DOC concentration in the C99 site (10a site), as well as for soil water content, SOC, and AOC in the 25a forest site. Our results provide evidence that during forest restoration, SOC does not consistently increase linearly. The change points of different SOC proportions and DOC concentrations at various depths are not same, i.e., asynchronous changes exist.
Introduction
Soils have the potential for carbon (C) release or sequestration. Hence, soil organic carbon (SOC) is related to atmospheric CO 2 levels, which can be affected by vegetation cover and land management (Lal, 2004) . When land is converted from one cover type to another, research on SOC dynamics is valuable in improving our comprehension and increasing our predictive capability over both short-and long-term scales (Post and Kwon, 2000) . Land cover changes affect litters, plant root, soil fauna, soil microorganisms, and soil condition, which can drastically alter the soil carbon stock. Generally, the transformation of cultivated soil to forest ecosystem can realize additional soil carbon sequestering. The concomitant development of soil carbon and vegetation in primary and secondary chronosequences was documented by Bush et al. (2008) , among others. SOC increases by up to 52% after a change from crop to secondary forest (Guo et al., 2002) . Forests with nitrogen-fixing trees may also allocate a higher fraction of their net primary production to soil (e.g., Bush, 2008; Kiser et al., 2009) . However, the results of soil carbon stock change in forest chronosequence are likely to be different. The increasing trend of soil carbon is not always represented in the entire forest chronosequence or at each depth. Zhou et al. (2006) found that pioneer and transition forests had limited effects on SOC accumulation even if the aboveground biomass rapidly accumulates and reaches a high level. In the hilly Loess Plateau of China, Wang et al. (2010) indicated that SOC contents are significant for different land covers in a semi-arid climate only at 5 cm soil surface depth.
Cropland transformation to immature woodland has no significant effect on SOC.
SOC is greatly susceptible to environment change, especially to vegetation cover changes (Wang et al., 2011) . Large amounts of worldwide soil carbon data need to be analyzed to explore highly inherent natural variability in worldwide soils and carbon loss rules under different land cover types and change trajectories (Lal, 2009) . The mechanism of SOC dynamics in forest chronosequences needs to be determined.
In forest, grass, and shrub vegetation restoration, DOC leaching plays an important role in SOC at different depths, which is a crucial function in the belowground carbon cycle. The largest increase in the flux of dissolved organic matter (DOM) occurs when percolating water passes through the forest floor (Michalzik et al., 2001) . DOM leaching from organic layers to mineral soils and DOM sorption onto mineral surfaces are very likely to be important mechanisms in stabilizing soil organic matter (Kalbitz and Kaiser, 2008 
Materials and Methods

Field site and sampling regime
The study area is the Zhifanggou drainage basin An average of nine sections was selected in each study site. Samples from depths of 20 ± 2, 40 ± 2, and 60 ± 2 cm were obtained using a soil drill and evenly mixed with three horizontal samples, respectively. We enclosed these samples in a plastic bag and stored them in the laboratory at 2 °C. Three 100 cm-deep holes were randomly selected and dug in each study site. Samples were collected from depths of 5-10, 30-35, 60-65, and 90-95 cm, and stored in 50 mL aluminum boxes to determine the soil water content and soil bulk density.
Sampling and analysis
The moisture samples in aluminum boxes were weighed wet, dried at 105 °C for 48 h, and weighed again to determine the bulk density and gravimetric soil water content. After air drying soil samples for 3 days, litters were carefully picked out, crushed to pass through a 1 mm sieve, and stored at 2 °C until analysis.
In 1989, Parton (1989) divided SOC into active (AOC), slow (LOC), and resistant C pool (ROC) based on the mean residence times. In the present study, SOC was determined using the routine potassium dichromate oxidation-outer heating method. The 333 mM KMnO 4 chemical oxidation method was used for AOC determination (Conteh et al., 1997) . ROC was determined by the acid hydrolysis method (Collins et al., 2000) . About 1 g of soil samples were hydrolyzed with 20 mL of 6 M HCl in sealed Pyrex tubes at
After washing unhydrolyzed residues with deionized water by repeated centrifugations and decantations, the samples were transferred to pre-weighed vials and dried at 60 °C to constant weight. Subsequently, SOC was analyzed. LOC was calculated by difference between SOC and ROC (LOC = SOC -ROC).
DOM was collected using a soil-to-solution (distilled water) ratio of 1:5, shaken for 1 h, and centrifuged (2000 rpm for 10 min). The solution was collected, filtered through 0.45 µm cellulose acetate filters, and stored in a frozen state until analysis. DOC was determined with a TOC Analyzer (Phoenix 8000).
Total nitrogen (TN) in the solution was determined using a photometer after persulfate digestion. Inorganic nitrogen was determined using a continuous flow
analyzer (AA3). Dissolved organic nitrogen (DON)
was determined by the difference between TN and dissolved inorganic nitrogen (DIN), i.e., DON = TN -DIN. The UV absorbance at 280 nm was measured (adjustive solution of 10 mg L -1 DOC, calculated by dividing measured UV absorption at 280 nm) to estimate aromaticity (Zsolnay et al., 1999) . All samples were determined with three replicates. 
Data handling and statistics
Results
Soil water content and bulk density
A comparison of the tillage and forest sites revealed that their soil bulk density had big difference (p = 0.05) at 5-10 cm, but did not exhibit coherent diversity in subsoil (Table 2 ). Soil water content was obviously higher in the tillage site than in the forest sites.
With increased forest restoration age, the soil water content approximately increased. Soil water content in the C84 site showed no obvious change from 60-95 cm. Water content was lower in C78 than in C84. With increased depth, the soil water contents in all study sites increased, except for C84. 
Changes in SOC, AOC, and DOC
For the three depths, the change scope of SOC was smaller in the tillage site than in the forest sites and 60 cm in C84 (25 a) were lower than that in the tillage site. LOC in the forest sites obviously increased compared with that in the tillage site. Given the low AOC value at 40 and 60 cm, AOC in C84 was lower than that in C99, but still 84.0% higher than that in the tillage site.
( Table 3 ). The average SOC of the three depths increased with increased forest age.
The DOC values at 40 and 60 cm in C99 were lower, but those at 20 cm were higher than those in the tillage site. DOC at 20 cm gradually increased with increased age, except for DOC in C84, which was 3.7.1 mg kg -1 lower than that in C99. DOC values at 40 and 60 cm in C99 were lower than that in the tillage site. From 10 years to 25 years, the DOC values at 40 and 60 cm increased gradually and approached that of the tillage site after 25 years.
SOC proportion
In all four forest sites, AOC/SOC and ROC/SOC were higher but LOC/SOC was lower than those of the tillage site (Table 4 ). The AOC/SOC ratio in C84 (25a) was lower than in C99 (10a) at the three depths, but showed no obvious difference between C74 (35a) and C78 (31a). With increased depth, the AOC/SOC ratio decreased gradually. In all four forest sites, AOC/SOC at 60 cm was 44.9%-69.4% lower than that at 20 cm, compared with the 64.1% for the tillage site. 
DOC/DON ratio and UV absorption at 280 nm of DOM
With increased depth, the DOC/DON ratio in all UV absorbance decreased with increased depth in each site. At 20 cm, the UV absorbance of C78 accounts for 39.1% of that of C84. The UV absorbance index at 20 and 40 cm was higher in each forest site than that in the tillage site, and increased with increased restoration age. The UV absorbance index at 60 cm in C99 and C78 approached that of the tillage site, but was higher in C84 and C74 than in the tillage site.
Discussion
Soil water content
Soil water content is affected by both vegetation cover on the soil surface and plant roots in subsoil. Soils of forest vegetation in the Loess plateau have lower water content than those in tillage sites because of root absorption (Zhao, 2005) . Vegetation restoration changes the litter density, root quantity, and ultimately, soil conditions such as pH, temperature, moisture, microorganisms, etc., which are indicated as significant factors affecting soil carbon turnover (Lal, 2005) 
SOC concentration and proportion changes during 35 years forest restoration
Litters are the most important sources of SOC in the forest ecosystem (Huang et al., 2011) . However, the carbon input on surface soil is higher than in deeper soil layers. When tillage was converted into forest, litters accumulated gradually on the soil surface and the depth distribution of SOC was enhanced. Compared with tillage, the depth distribution of SOC in the 10a to 35a forests acutely increased at 20 cm due to litter accumulation. Subsoil organic carbon is mainly generated from root exudates, leaches DOC, fragmentation, and particle SOC movement, which produce limited C input. However, subsoil layers in the tillage site can intercept more organic carbon than those in the forest by ploughing and fertilization, which contribute to the decrease in subsoil organic carbon in young forest restoration.
In general, the amount of SOC is greater in forests than in arable soils (Vesterdal et al., 2002) . For example, in tropical areas, SOC increases by 29% when agricultural land is afforested (Axel et al., 2011) .
However, a land-use change from arable to forest does not always increase the sequestration of soil organic matter (Vesterdal et al., 2002) . In our study, although the average SOC in the four forest sites increased gra- By the nitrogen fixation function of R. pseudoacacia, litters on the soil surface with lower C/N ratios led to fast decomposition times, accounting for high AOC quantity (MA et al., 2007) . In all four forest sites, the AOC/SOC and ROC/SOC ratios were higher than those in the tillage site. This finding suggested that after forest restoration from tillage, AOC ratio and ROC ratio increased, and LOC ratio was consumed. Hence, forest vegetation may help restore carbon in soil. An asynchronous state was also suggested by the SOC proportions. In our study, AOC was regarded had the highest biochemical quality within the shortest residence time, and played an important role in plant nutrition.
ROC is an inert compound with stable physical and chemical qualities. LOC can be deemed as a recalcitrant compound with the longest residence time (Paul et al., 1999) . Kazumi (2011) found that young, fast-MRT soil carbon is decomposed in the upper A horizon, and old, stable soil carbon is decomposed in the lower A horizon in the forest. In the present study, the AOC/SOC ratio in all four forest sites decreased gradually with increased depth. The SOC dynamics and compositions differed between the soil surface and subsoil, leading to different changes during forest restoration.
DOC changes in forest sites
DOC in soil solution is generated from litter leachates, root exudates, and microbial degradation products (Zsolnay, 1996) . In the forest ecosystem, litters on the forest floor gradually accumulates, microbial degradation products increase due to high AOC values with short residence times, and root density in subsoil increase. Consequently, the average DOC increases with increased age.
The DOC values at 40 and 60 cm in 10a forest were lower than in the other study sites, contributing to lower average DOC values in 10a forest than in the tillage site. Theoretically, both DOC leaching from soil surface and root exudates can lead to the low depth distribution of the study sites, except the 10a forest site.
In other words, they decrease the DOC difference between the soil surface and subsoil layer. As important sources, the degradation products of litters and AOC on the soil surface hardly leach through the subsoil la- UV absorbance and DOC: DON were utilized to evaluate DOM property and composition (Traina et al., 1990) . The specific UV absorbance at 280 nm was considered as a measure of aromaticity (Chin et al., 1994) , and DOC:DON was considered as a proxy for the quality of the DOM. Increased DOC:DON indicates reduced bioavailability (e.g., Brian et al., 2009 ). In our study, DOC:DON at 20 cm in the forest sites showed no obvious difference with those in the tillage site; however, those at 60 cm were higher than those in the tillage site. Stephan (2011) found the throughfall contribution to the overall element fluxes was higher for DON than for DOC. Lower DOC/DON values in forest than in tillage sites reflects that after forest restoration, soil solution movement is more active, and/or more recalcitrant DOM is removed from the solution (Brian et al., 2009) . On the other hand, forest restoration leads to changes in SOC proportions, such as increased AOC and ROC ratio, as well as decreased LOC, suggesting biodegradation action.
A part of DOC is released from SOC biodegradation.
DOC in forest sites mainly consist of litter-derived DOC and SOC-derived DOC, providing lower DOC/ DON values and higher acromaticity compositions than in tillage sites.
Conclusions
When tillage was reverted into forest, SOC exhibited a total, nonlinear, absolute increase, suggesting asynchronous changes. During R. pseudoacaci forest restoration, the difference between the soil surface and subsoil led to the depth distribution of SOC and AOC.
The 25a forest represented a special phase wherein soil water content, SOC, and AOC exhibited low values in the subsoil layer. Apparently, there was a natural C-input course during forest restoration.
After forest restoration, the total SOC and AOC increased and ROC increased, suggesting an internal conversion process among the SOC proportions. In forest ecosystems, the LOC concentration decreases and the degradation and transformation among AOC, LOC, and ROC changed. However, whether the changes benefit the soil carbon input in the long run is still unclear.
In the beginning of forest restoration, DOC concentration at 40 and 60 cm sharply decreased, suggesting obvious depth distribution. However, the depth distribution of DOC for mature forests was not obvious. DOC does not perfectly indicate the same changes as those of SOC proportions, and more factors control the DOC concentration.
